Identification of novel bovine group A rotavirus G15P [14] strain from epizootic diarrhea of adult cows by de novo sequencing using a next-generation sequencer There are few reports describing diarrhea of adult cattle caused by group A rotaviruses. Here, we report the identification of a novel bovine group A rotavirus from diarrhea of adult cows. A group A rotavirus was detected from an epizootic outbreak of diarrhea in adult cows with a decrease in milk production in Japan in 2013. The comprehensive genomic analyses from fecal samples by viral metagenomics using a next-generation sequencer revealed that it had an unreported genotype combination G15P [14] . The genome constellation of this strain, namely, RVA/Cow-wt/JPN/Tottori-SG/2013/G15P [14] was G15-P[14]-I2-R2-C2-M2-A3-N2-T6-E2-H3 representing VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5, respectively. Each gene segment of Tottori-SG was most closely related to Japanese bovine group A rotaviruses suggesting that Tottori-SG might have derived from multiple reassortment events from group A rotavirus strains circulating among Japanese cattle. No other diarrhea pathogen of adult cattle was detected by routine diagnosis and metagenomics. Viral metagenomics, using a next-generation sequencer, is useful to characterize group A rotaviruses from fecal samples and offers unbiased comprehensive investigations of pathogen.
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nonstructural proteins (NSP1-NSP6) (Estes and Kapikian, 2007) . RVAs are classified into multiple G and P types defined by the two outer capsid proteins, VP7 and VP4, respectively. To date, 27G and 35P genotypes have been determined, many of which have been identified in the last five years (Matthijnssens et al., 2011) . The Rotavirus Classification Working Group proposed a new classification system using nucleotide sequences of all of the 11 genomic RNA segments, Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx representing VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5, respectively (Matthijnssens et al., 2011) .
Co-infection of a cell by two or more different strains of a segmented virus can give rise to a ''reassortant'' with phenotypic characteristics that might differ from those of the parental strains. Reassortment has been observed in Reoviridae including rotavirus (Watanabe et al., 2001) . Reassortment is an important mechanism which drives the genetic diversity observed in rotaviruses.
RVA is the most common cause of diarrhea in infants and young children (Estes and Kapikian, 2007) . Although there are several reports of adult diarrhea caused by RVA including suspected zoonotic transmission from artiodactyl hosts (Griffin et al., 2002; Midgley et al., 2012) , the role of RVA as a pathogen in adult humans has long been underappreciated (Anderson and Weber, 2004) . There are few reports describing diarrhea in adult cattle caused by RVA (Fukai et al., 2007; Onuma et al., 2003; Sato et al., 1997) . Similarly, the role of RVA as a pathogen in adult cattle is also unclear.
Next Generation Sequencing, non-Sanger-based sequencing technologies have delivered on a highthroughput sequencing methodology which generates millions of sequences simultaneously from one sample (Schuster, 2008) . This method can detect and characterize pathogens without prior knowledge of their existence, cultured material, or the requirement of specific primers (Marston et al., 2013) .
Here, we report a case that occurred in Japan, in which novel G15P[14] RVA was identified from adult cattle with watery diarrhea and a decrease in milk production.
Materials and methods

Routine diagnosis
The fecal samples from five cows were tested for RVA by commercial immunochromatographic assay kit (Dipstick 'Eiken' Rota (Eiken Chemical Co., Ltd, Tokyo, Japan)), Salmonella species and Escherichia coli K99 by using standard techniques, and Coccidium species and Cryptosporidium species by a sucrose floatation method. The samples were also examined by reverse transcriptionpolymerase chain reaction (RT-PCR) for bovine coronavirus (BCV) (Tsunemitsu et al., 1999) , bovine torovirus (BToV) (Hoet et al., 2003) , bovine group B rotavirus (RBV) (Chinsangaram et al., 1994) , bovine group C rotavirus (RCV) (Tsunemitsu et al., 1996) and bovine viral diarrhea virus (BVDV) (Vilcek et al., 1994) . Serum samples were collected from affected cows during the acute phase of the disease and again, three weeks later. These paired sera were tested for antibodies to BCV and bovine adenovirus type 7 (BAV7) by hemagglutination inhibition tests and to BVDV-1 and BVDV-2 by virus neutralization tests.
Total RNA extraction from fecal samples, building cDNA library and sequencing
Five fecal samples were diluted 1:9 (W/V) in sterile PBS and the viral RNAs were extracted from them using ISGEN LS (NipponGene, Tokyo, Japan), followed by DNase I treatment (TaKaRa Bio Inc., Shiga, Japan). RNA samples were normalized to 10-100 ng of RNA using Qubit 1 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and libraries for Illumina sequencing were constructed using the NEBNext 1 Ultra RNA Library Prep Kit for Illumina Version 1.0 (New England Biolabs, Ipswich, MA, USA) according to the manufacture's guidelines with minor modifications: for selecting 400-500 bp fragments after A-Tailing and adaptor ligation, two beads clean-up steps (firstly, Â0.4 volume and secondly, the surpernatant from the first bind was taken for Â0.15 volume clean-up) were done using the Agencourt AMPure XP (Beckman Coulter, Pasadena, CA, USA). After assessing the library quality and quantity on a Bioanalyzer 1 (Agilent technologies, Santa Clara, CA, USA) and Qubit 1 2.0 Fluorometer (Invitrogen), sequencing was carried out on a MiSeq bench-top sequencer (Illumina, San Diego, CA, USA) using 151 single-end reads.
Sequence data analysis
Data analysis was performed using the MiSeq reporter program (Illumina) to generate FASTQ formatted sequence data. Contigs were assembled from the obtained sequence reads using de novo assembly command in the CLC Genomics Workbench (CLC bio, Aarhus, Denmark). Using the assembled contigs as query sequences, the BLAST nonredundant nucleotide database was searched using the blastn program. Nucleotide sequences were aligned using ClustalW and phylogenetic analyses performed by the Neighbor-Joining method using MEGA5.22 (Tamura et al., 2011) .
Results
Clinical history and routine detection of potential pathogens of cattle
In February 2013, two out of 42 lactating cows on a dairy farm in Tottori Prefecture, Japan, suddenly showed signs of anorexia and started having watery diarrhea. Subsequently, three more lactating cows neighboring the two infected cows, started showing similar symptoms, and within a week, all adult cows on the farm were affected. The diarrhea feces were liquid and greenish yellow, but not bloody. All animals recovered within a week; however, a decrease in milk production on the farm was observed the day after the first finding of diarrhea and continued for two weeks. Preliminary diagnosis using Dipstick 'Eiken' Rota for RVA revealed that all fecal samples from five cows with diarrhea were positive. All fecal samples in the acute-phase were negative for BCV, BToV, RBV, RCV and BVDV by RT-PCR, and Salmonella species, E. coli K99, Coccidium species and Cryptosporidium species by standard techniques. Examination of paired sera from affected cows revealed no significant increase in antibody titers to BCV, BAV7 and BVDV-1 and 2.
Full genome sequencing of RVA
The sequencing from Illumina MiSeq yielded a range of 800,298 to 1,180,474 sequence reads (about 150-mer length) from five fecal samples. First, convenient genotyping of RVA was carried out using the CLC Genomics Workbench. Mapping sequence reads from five samples to VP4 and VP7 reference sequences of representative strains (Minami-Fukuda et al., 2013) revealed poor alignment with G6, G8, G10, P[1], P[5] and P[11] -the most common bovine genotypes. Near complete sequences of the 11 segments of RVA could be obtained from the resultant contigs generated by reads assembled from five samples. The sequences of all 11 segments of RVA were detected from all five samples and confirmed to be identical. The genotypes for each of gene segments of this strain (RVA/Cow-wt/JPN/Tottori-SG/2013/ G15P[14] (Tottori-SG)) were determined using the online RotaC genotyping tool (Maes et al., 2009) . A very rare G/P combination, G15P [14] was found. Applying the nucleotidesequence-based complete genome classification system, the constellation of Tottori-SG was determined as G15-P[14]-I2-R2-C2-M3-A3-N2-T6-E2-H3 representing VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5, respectively. The sequences were deposited in the DNA Data Bank of Japan (DDBJ/EMBL/GenBank accession numbers: AB853890 to AB853900 for the 11 segments).
Phylogenetic analyses and pairwise comparison
Phylogenetic analysis based on entire open reading frame nucleotide sequences of the VP7 gene revealed that though Tottori-SG clustered with RVA/Cow-wt/ARG/B383/ 1998/G15P[11] (Garaicoechea et al., 2006; Matthijnssens et al., 2009 ) and three Indian G15P[11] and G15P[21] strains (Rao et al., 2000; Ghosh et al., 2008) , it formed a single G15 cluster, distinct from other G genotype strains (Fig. 1A) . Nucleotide (nt) and amino acid (aa) of Tottori-SG showed 87.9-89.9% and 91.7-92.9% sequence identity to other G15 strains at nucleotide (nt) and amino acid (aa) levels, respectively. The VP4 gene of Tottori-SG formed a cluster with RVA/Cow-tc/JPN/Sun9/2000/G8P[14] (Fukai et al., 2004) and RVA/Human-tc/THA/Mc35/XXXX/ G10P[14] (Urasawa et al., 1993) (Fig. 1B) . Tottori-SG had (Abe et al., 2011) , and Simian G3P[2] RVA strains (Mlera et al., 2013) . The VP6 gene of Tottori-SG exhibited high nucleotide identity with AzuK-1, Dai-10 and RVA/Simian-tc/ZAF/ SA11-N5/1958/G3P[2] (96.0, 96.6 and 95.2%), respectively (Fig. 1C ). Phylogenetic analysis of VP1, VP2, VP3, NSP2, NSP3, NSP4 and NSP5 showed that Tottori-SG clustered with genes of bovine or bovine-like rotavirus (Fig. 1D-F, H-K) . Similarly, NSP1, which clustered with simian G8P[1] and human G6P[14] strains, was thought to be the result of transmission from ruminant hosts Matthijnssens et al., 2010) (Fig. 1G) . Overall, the nucleotide sequences of the 11 genome segments of Tottori-SG had relatively high nucleotide identities to bovine or bovine-like RVA strains (Table 1) . Furthermore, apart from the VP7 gene, the gene segments of Tottori-SG were highly homologous with those of Japanese bovine RVA strains (Table 2) .
Analysis of resultant contigs using BLAST
The sequence reads from the FASTQ formatted sequence data were assembled and contigs generated using the CLC Genomics Workbench. The generated 728-2407 contigs containing 477,632-923,026 sequence reads from five samples were analyzed using a BLAST search against non-redundant databases. The BLAST search using contigs identified 73,039-464,263 (7.4-77.5%), 52,382-698,684 (11.0-70.7%), 2850-9734 (0.5-1.1%) and 20-10,345 (0.0-1.2%) reads as RVA, non-pathogenic bacteria, mammalian and plant, and plant virus, respectively. Apart from RVA, no other genomes of virus pathogens of bovine were detected from sequencing reads.
Discussion
In Japan, G6 and G10 genotypes are predominantly distributed (Ishizaki et al., 1996) , and G15 genotype has never been isolated. G15 genotype is very rare in nature. To date, only five RVA strains possessing this genotype are available in database. These including three Indian G15P[21] strains -Hg18, RUBV51 and RUBV117 -isolated in 1999 and 2005 (Ghosh et al., 2008 Rao et al., 2000) , and two G15P[11] strains -B383 and RUBV051 -isolated from Argentina and India in 1998 and 2001 , respectively (Ghosh et al., 2008 Matthijnssens et al., 2009) . Tottori-SG is the sixth G15 strain and the first report of a G15P [14] combination strain worldwide. All G15 strains were isolated from cattle. VP7 of Tottori-SG demonstrated modest nucleotide identity with other G15 strains, suggesting that VP7 of Tottori-SG is novel and might have an independent ancestor. On the other hand, P [14] genotype has been found in rabbits (Ciarlet et al., 1997) , humans (Cowley et al., 2013; Gerna et al., 1994; Matthijnssens et al., 2006; Matthijnssens et al., 2009; Mphahlele et al., 1999; Urasawa et al., 1993) , goats, Table 2 Nucleotide identity of the 11 segments of RVA/Cow-wt/JPN/Tottori-SG/2013/G15P [14] to Japanese and non-Japanese bovine rotavirus strains from GenBank. I2 (100) R2 (100) C2 (100) M2 (100) A3 (100) N2 (100) T6 (100) E2 (100) H3 ( An open space means the sequence data could not be available.
antelope (Ghosh et al., 2007) , sheep (Ciarlet et al., 2008) , guanacos (Parreñ o et al., 2004) and cattle (Chitambar et al., 2011; Fukai et al., 2004) . A recent study suggested that the human P[14] strains were related to RVA strains isolated from even-toed ungulates belonging to the mammalian order Artiodactyla ). The P [14] VP8* protein has a high affinity to type A human histoblood group antigens (Hu et al., 2012; Liu et al., 2012) . The VP8* of P[14] also binds the A type antigen of bovine and porcine, which could be a reason that P[14] RVAs infect both bovine and human (Liu et al., 2012) . In Japan, only one strain, Sun9, has been reported from calves (Fukai et al., 2004) . However, the P[14] genotype has never been isolated from other species within Japan, including humans. Tottori-SG shared high nucleotide identity with VP4 gene of Sun9. Although Sun9 remains the only P [14] strain to have been isolated in Japan, it is of interest to examine whether the P[14] strains may be prevalent among Japanese cattle. Further analyses of genes other than VP7 and VP4 revealed that structural and nonstructural protein genes of Tottori-SG showed high identity with those of bovine or bovine-like RVA strains, suggesting Tottori-SG strain might adapt to cattle (Table 1) . Furthermore, Tottori-SG shared a similar genetic background with Japanese bovine RVAs ( Main causes of epizootic outbreak of viral diarrhea in adult cows including BCV and BTov, RBV and RCV have also been sporadically reported in Japan and worldwide. However, symptomatic infections of RVA in adult cattle are rare. In the present case, considering both the absence of viral, bacterial and protozoan pathogens of diarrhea in the acute-phase fecal samples, and the detection of RVA antigen only during the acute-phase of diarrhea but not after recovery, it is suggested that Tottori-SG associated with the epizootic outbreak of diarrhea in adult cows. At least three cases of symptomatic RVA infection in adult cattle have been reported in Japan (Fukai et al., 2007; Onuma et al., 2003; Sato et al., 1997) . In two out of three cases, two rare G and P genotype strains of RVA, BRV16, which belongs to G8P[1]genotype, and Tak2, which probably belongs to G21P[29] genotype, were isolated from fecal samples in adult cows with diarrhea (Fukai et al., 2007; Sato et al., 1997) . One of the possible factors responsible for symptomatic infections by RVA in adult cattle is a lack of immunity in cattle against such rare genotype RVAs. The G15P[14] strain may efficiently transmit from infected cattle to immune-naïve ones, causing unusual age pattern of RVA infection. To elucidate the mechanisms responsible for epizootic diarrhea of adult cattle caused by rare RVA genotypes, further serological and pathogenic studies are needed.
In this study, we employed the characterization of bovine RVA and detection of potential pathogens of RNA viruses using de novo sequencing by a next-generation sequencer. Exhaustive investigation is useful for directly detecting pathogenic viruses, and no step requiring sequence-specific primers for PCR amplification or baitbased enrichment is needed (Djikeng et al., 2008) . This feature provides the opportunity of bioinformatically detecting any other known RNA virus at the same time (Batty et al., 2013) . We could not only generate near whole genome sequences of RVA, but could also give the opportunity of bioinformatically detecting any other known RNA virus at the same time. The resultant contigs generated by reads assembly were investigated using BLAST search. However no other RNA virus genome of cattle pathogen was detected within the sequencing reads, suggesting that epizootic diarrhea of adult cows caused by RVA.
In conclusion, this study demonstrated that Tottori-SG, which was detected from fecal samples of adult cows with diarrhea had yet not reported genotype combination of G15P [14] . Full genome analyses of Tottori-SG suggested that Totttori-SG might be derived by multiple reassortment events from RVA strains circulating among Japanese cattle. Finally, comprehensive genomic analyses from fecal samples by de novo sequencing using a next-generation sequencer will contribute to easy determination of full genomes of RVA and increasing sequence data of RVAs from individual regions will shed light on RVA infection of livestock industry.
